At early ages of concrete structures, strength monitoring is important to determine the structures' readiness for service. Piezoelectric-based strength monitoring methods provide an innovative experimental approach to conduct concrete strength monitoring at early ages. In this paper, piezoelectric transducers in the form of 'smart aggregates' are embedded into the concrete specimen during casting. Piezoceramic materials can be used as actuators to generate high frequency vibrating waves, which propagate within concrete structures; meanwhile, they can also be used as sensors to detect the waves. The smart aggregate is a one cubic inch, pre-cast concrete block with a wired, embedded PZT (lead zirconate titanate, a type of piezoceramic) patch. The strength development of concrete structures is monitored by observing the development of harmonic response amplitude from the embedded piezoelectric sensor at early ages. From experimental results, the amplitude of the harmonic response decreases with increasing concrete strength. The concrete strength increases at a fast rate during the first few days and at a decreasing rate after the first week. Concordantly, the amplitude of the harmonic response from the piezoelectric sensor drops rapidly for the first week and continues to drop slowly as hydration proceeds, matching the development of the concrete strength at early ages. Concrete is heterogeneous and anisotropic, which makes it difficult to analyze mathematically. Fuzzy logic has the advantage of conducting analysis without requiring a mathematical model. In this paper, a fuzzy logic system is trained to correlate the harmonic amplitude with the concrete strength based on the experimental data. The experimental results show that the concrete strength estimated by the trained fuzzy correlation system matches the experimental strength data. The proposed piezoelectric-based monitoring method has the potential to be applied to strength monitoring of concrete structures at early ages.
Introduction
At early ages of concrete structures, strength monitoring is important to determine the readiness of the structures for service. The strength development of concrete or cement paste 4 Author to whom any correspondence should be addressed.
is a result of the hydration process, a series of simultaneous and consecutive reactions between the constituents of cement and water. The cement gel is the major product of an exothermic hydration reaction. The water inside the concrete will evaporate into the air or be used in the hydration chemical reaction. When the water inside the concrete is exhausted, the hydration process stops. The hydration process starts when water is added to cement and stops when all the water is used up. For early-age monitoring of the performance of concrete structures, monitoring methods can be classified into two major categories, (1) hydration-heat-based monitoring and (2) physical-property-based monitoring.
(1) Hydration-heat-based monitoring. The hydration process is a complex, exothermic chemical reaction. During the hydration reaction, much heat is generated during the chemical reaction between water and the constituents of cement.
With the decreasing amount of water during the hydration process, the heat generated by the chemical reaction becomes less and less. The temperature drops to a minimum value when the hydration process stops. Therefore, by measuring the thermal information during hydration through fiber optical sensors or thermocouples, the hydration process of concrete can be monitored. Cai et al (2004) applied fiber optical sensing technology for temperature and crack monitoring of a dam. The experimental results show that the temperature of the block on the upstream face is different from the temperature at the central point 3 days after the pouring of the concrete. The temperature on the down-stream face reached its peak value of 30.4
• C, 5 days after pouring. The temperature tended to go down and to be steady 22-28 days later. Lin et al (2004) conducted a complete test of a pre-stressed concrete (PC) beam for health monitoring purposes. The hydration temperature of the hardening process was determined using fiber Bragg grating (FBG) sensors. Ayotte et al (1997) modeled the thermal stresses at early ages in a concrete monolith instrumented with thermocouples and mechanical strain gages. A hydration heat curve is developed for the thermal stress modeling of the typical concrete used in dam construction. Roller et al (2003) studied the effects of high strength concrete curing temperatures on compressive strength development and force levels in straight, bonded pre-tensioned strands. Concrete temperatures and pre-stressing strand forces were monitored during the fabrication of five bridge girders instrumented with thermocouples. Experimental results show that the increment of hydration-induced concrete temperature results in an 11% reduction in the average pre-stressing strand force level due to thermal expansion. Peak concrete temperatures measured in standard field-cured cylinders cured alongside the girders were less than the peak temperature within the girder. Measured compressive strengths of the standard fieldcured cylinders were less than the strengths of cylinders that were match-cured using a reference thermocouple installed in the girders.
Jonsson and Olek (2004) conducted a comprehensive study to evaluate the effects of elevated curing temperatures on hardened concrete properties. The curing temperature of the concrete inside the polystyrene block was continuously monitored with thermocouples.
(2) Physical-property-based monitoring. During the early stage of concrete development, physical properties of concrete change tremendously and comprehensively. The cement gel produced by the hydration reaction crystallizes to bind the aggregates and sands, imparting strength to the concrete. During the early ages, the compressive strength of concrete will increase rapidly with curing time. However, with the decrease in water content, the growth rate of strength will become slower. The physicalproperty-based monitoring methods can be classified as destructive testing methods or nondestructive testing (NDT) methods. Destructive tests, such as loading tests, are straightforward and reliable. However, they are destructive and not suitable for monitoring in situ large scale concrete structures. Moreover, such tests require more time. The NDT methods estimate the physical properties of the concrete structure by using impedance meters, ultrasonic waves, etc. NDT methods are not destructive and are suitable for the monitoring of large scale, in situ concrete structures. Ultrasonicbased methods are a kind of typical NDT method for early-age monitoring of the performance of concrete structures. The properties of ultrasonic wave propagation, such as velocity or attenuation, will be affected by the change of physical properties, such as the Young's modulus of the medium. The ultrasonic wave velocity will be greatly affected by the increase of concrete strength during the hydration process. Abo-Qudais (2005) conducted an experimental study to evaluate the effect of concrete aggregate gradation, water-cement ratio, and curing time on the measured ultrasonic wave velocity. Voigt et al (2005a) studied hydration monitoring by using two different ultrasonic techniques, the wave transmission method (using P waves) and the wave reflection method (using S waves). The comparison of the ultrasonic test results with the development of the adiabatic heat and the chemical shrinkage has proven that P-wave velocity and reflection loss have a consistent and direct relationship to the cement hydration process. Sun et al (2005) studied the curing temperature effects on the relationship between the compressive strength of paste, mortar or concrete and the reflection loss obtained with ultrasonic shear wave reflection. The experimental result shows that the relationship between the reflection loss and the compressive strength is independent of curing temperature. Voigt et al (2005b) studied the ability of a shear wave reflection (WR) method to monitor microstructural changes of Portland cement mortar during hydration.
The investigations have shown that the wave reflection measurements are governed primarily by the degree of inter-particle bonding between the cement particles during hydration process. Demirboga et al (2004) studied the relationship between ultrasound velocity and compressive strength of concrete with mineral admixtures. Compressive strength and ultrasonic pulse velocity (UPV) were determined for 3, 7, 28 and 120 day curing periods. The experimental result shows that both compressive strength and UPV of all the samples increased with increase of the curing period. The relationship between UPV and compressive strength is found to be exponential. Kheder et al (2003) studied the relation between the ultrasonic pulse velocity and the compressive strength. A mathematic model was developed based on experimental data to predict Portland cement compressive strength for 7 and 28 days, within 24 h only. For the prediction of mechanical properties of early-age concrete, it is essential to know the initial degree of hydration, from which the development of strength and stiffness begins. Krauss and Hariri (2001) studied the determination of the end of the dormant phase of hydration process by using ultrasonic pulse velocity techniques.
Piezoelectric materials have been successfully applied in the health monitoring of concrete structures in either impedance-based methods (Bahel-el-din et al 2003, Tseng and or vibration-characteristic-based methods (Mevel et al 2000 , Song et al 2005 . However, the piezoelectric materials were seldom applied for the early-age monitoring of the performance of concrete structures. In this paper, piezoelectric transducers in the form of 'smart aggregates' are used for the physical-property-based monitoring of early-age strength development of concrete structures. Piezoceramic materials can be used as actuators to generate high frequency vibrating waves which propagate within concrete structures; meanwhile, they can also be used as sensors to detect vibration and impacts. The smart aggregate is a one cubic inch, pre-cast concrete block with a wired, embedded PZT (lead zirconate titanate, a type of piezoceramic) patch the size of a finger nail. A cement mortar beam and three concrete specimens instrumented with embedded piezoelectric transducers were tested. The high frequency harmonic signals were used as excitation signals for piezoelectric actuators. The compressive strength of the concrete specimens was experimentally obtained from the compressive loading test. The compressive strength of concrete is correlated with the amplitude of the sensor signal by a fuzzy logic correlation system based on the experimental training data. The trained correlation fuzzy logic system is able to monitor the strength development of the concrete structure.
Experimental set-up

The piezoceramic based smart aggregate
In this paper, the smart aggregate, as shown in figure 1, is formed by embedding a water-proof piezoelectric patch with lead wires into a small cubic concrete block before casting. Piezoelectric material has the advantages of being lightweight and low cost, and having fast response and solidstate actuation. A piezoelectric transducer is very fragile and can be easily damaged by the vibrator during the casting of a concrete structure. In order to protect the fragile piezoelectric transducer, the piezoelectric patch is first applied with an insulation coating to prevent water and moisture damage and then embedded into a cubic concrete block to form a smart aggregate, as shown in figure 2. The smart aggregate can be embedded at the desired position in a concrete structure before casting. The piezoelectric material will generate electric charge when it is subjected to a stress or strain; the piezoelectric material will also produce the stress or strain when an electric field is applied to a piezoelectric substance in its poled direction. Due to this special piezoelectric property, piezoelectric material can be utilized as both an actuator and a sensor. This property enables the multi-functionality of the smart aggregates. Piezoceramic actuators and piezoelectric sensors have hysteretic effects. The proposed piezoelectric-based strength monitoring method utilizes the harmonic response amplitude from the sensor to monitoring the concrete strength. The hysteresis will mainly influence the phase response, but will have little or no effect on the value of harmonic response amplitude. For the amplitude value, the hysteresis effect can be ignored in this case.
The distance between the piezoelectric actuator and piezoelectric sensor plays a very important role; normally, the longer the distance, the weaker the receiving signal. In this research, the transducer pair will be embedded in the concrete structure at a fixed distance.
Experimental set-up
The experimental set-up for piezoelectric-based strength monitoring is shown in figures 3 and 4. The harmonic Table 1 shows the details of the composition of concrete which is tested. The water/cement ratio by weight of the concrete is 0.61. Table 2 shows the details of properties of piezoelectric patches which are embedded in the concrete specimen. The piezoelectric actuator and the piezoelectric sensor, in the form of smart aggregates, are located along the central axis of the cylinder specimen, as shown in figure 4 . The distance between the piezoelectric actuator and the piezoelectric sensor is 10 inches.
Test principle of early-age monitoring of concrete structures
Development of harmonic amplitude with the increment of concrete strength at early ages
A cementitious material is one that has the adhesive and cohesive properties necessary to bond inert aggregates into a solid mass of adequate strength and durability. When cement is mixed with water to form a soft paste, it gradually stiffens until it becomes a solid. This process is known as setting or hardening. Fresh concrete gains strength most rapidly during the first few days after mixing the concrete. The compressive strength of concrete will become stable after 28 days. The design of concrete structures is generally based on the 28th day strength ( f c ). The wave propagation of the stress wave in the concrete cylinder can be viewed as one-dimensional longitudinal wave propagation. The wave equation can be written as
where u is the displacement of an element, E is the Young's modulus, and ρ is the density of material. The average of power p of harmonic response over a period (Achenbach 1973) can be expressed as
where A is the harmonic amplitude, and ω is the angular frequency. Equation (2) can be rewritten as
As shown in equation (3), the harmonic amplitude is affected by the Young's modulus E of the medium. During the early-age development of concrete, the Young's modulus E increases when the concrete stiffens and gains strength during the hydration process. The harmonic amplitude will decrease with the increment of the Young's modulus E. Moreover, the Young's modulus E is the major affecting factor to determine the concrete strength. Therefore, the harmonic amplitude is correlated with the concrete strength through the status of the Young's modulus. By observing the development of harmonic amplitude, the strength development of concrete structures can be monitored. In this research, the wave is generated by an embedded piezoceramic transducer and the propagated wave will be detected by another embedded piezoceramic transducer at a certain distance. There will be a shrinkage strain effect, which is caused by the reduced volume of concrete during the concrete's hydration process. The concrete specimens used in this paper are of dimensions 6 inches in diameter and 12 inches in height. For small scale concrete specimens, the effect of shrink strain is almost negligible. Therefore, the shrinkage strain is not a problem for a small scale concrete specimen. For a large scale concrete structure, such as a dam, the shrinkage strain will have an important effect on the strength development of the concrete. Since the proposed piezoceramic transducer is intended for use in concrete structures including large civil structures, it is worthwhile to discuss the shrinkage strain effect on the transducer. The piezoceramic transducer responds to dynamic excitations and a DC signal or a slow time-varying signal will not cause the piezoceramic transducer to respond. Though the shrinkage strain effect will apply a pre-stress on the transducer, this process is considered to be slowly time varying and the piezoceramic transducer will not respond to it. As it is designed to, the piezoceramic transducer will respond to dynamic excitations, such as the one caused by another transducer in the actuation mode at a frequency higher than 10 kHz for this research.
The temperature effect is an important phenomenon of the concrete hydration process. Some early-age estimation methods of concrete strength are based on hydration heat. A literature review of hydration-heat-based strength monitoring methods has already been included in this paper. Normally, the temperature inside the concrete will be below 60-80
• C. If necessary, forced cooling will be used to achieve this. The increase of the temperature in this range will have little impact on the operation of the piezoceramic transducers used in the smart aggregate. Normally the Curie temperature (beyond which the piezoelectric effect will be lost) of a piezoceramic material is in the range of 200-350
• C. Therefore the elevated temperature of 60-80
• C will have little effect on the piezoceramic transducers.
The correlation system between the harmonic amplitude and concrete strength
To evaluate the performance of concrete structures at early ages, it is necessary to correlate the harmonic amplitude with the compressive strength of concrete. Concrete is heterogeneous and anisotropic. The correlation between harmonic amplitude and the compressive strength of concrete is highly nonlinear and complex, which makes it extremely difficult to develop a mathematical model. Fuzzy logic analysis has the advantage of not requiring a system model and it is suitable to analyze nonlinear and uncertain systems. Fuzzy systems also have a self-learning ability. They can 'learn' the desired input-output mapping by being trained with the training data. In this research work, a fuzzy correlation system between the harmonic amplitude and the compressive strength is trained based on the experimental data. A batch least squares algorithm is used to train the fuzzy correlation system. The fuzzy inference rule is designed based on the experience that the harmonic amplitude reduces at a decreasing rate with the increment of the strength value of concrete at early ages.
Design of fuzzy correlation system.
A fuzzy logic system is developed to correlate the harmonic amplitude with the concrete strength at early ages. The input variable of the fuzzy correlation system is the amplitude of the harmonic response from the piezoelectric sensor. The output variable of the fuzzy correlation system is the concrete compressive strength. Four linguistic variables (small, low medium, medium, large) are defined to represent the input domain and output domain with their membership values between 0 and 1. The Gaussian membership function is a commonly used membership function and it is applied to represent the different linguistic variables for input and output domains in this paper. Gaussian functions are realized by
where μ is the membership function value, x is the input variable, a is the center of the membership function, and σ is the width of the membership function. The shapes of the input membership functions are shown in figure 14 . The fuzzy inference rules are defined as follows. (Passino and Yurkovich 1998 ) is used in this paper. The output y * of the fuzzy correlation system is defined as
whereȳ l is the center of the lth output membership function.
Training of the fuzzy correlation system. First 14-day
compressive strength and the amplitude of 60 kHz harmonic response data are used as training data to train the fuzzy correlation system. A batch least squares algorithm is used as the training algorithm. The fuzzy system to be trained is written as
where x i is the i th input datum in the training data, y i is the corresponding i th output datum in the training data, μ k (x i ) is the input membership function value of the kth rule, M is the number of the training data pair, b i is the center value of the i th output membership function, and these center values b i , i = 1, 2, . . . R, are the parameters to be identified.
Define
and
With equations (7) and (8), equation (6) can be expressed as
Assumeθ as the estimate of θ . In the batch least squares algorithm, the estimationθ is calculated asθ = (φ T φ) −1 φ T Y to achieve a minimum error function value. 
Experimental results
One mortar and three concrete cylinders instrumented with embedded piezoelectric transducers were tested by using the proposed method. Experimental results show that the harmonic amplitude dropped with the strength development of the concrete specimens at early ages. A fuzzy correlation system is trained to correlate the harmonic amplitude with the strength of concrete by using a batch least squares algorithm. The input-output mapping of the trained fuzzy correlation system matches with the input-output mapping of the training data. The trained fuzzy system is used to estimate compressive strength of the concrete structure at early ages.
Experimental result for mortar specimen
Mortar is the combination of the cement, water and sand. Mortar is more homogeneous than concrete. A mortar beam (36 inch × 4 inch × 1 inch) was made for earlyage monitoring purposes. Piezoelectric transducers were embedded inside the mortar beam before casting. From the experimental results shown in figures 5 and 6, it can be seen that the amplitude decreased quickly for the first week and drops slowly after the seventh day. The strength of the mortar increases with the curing time of the concrete structures. The experimental result shows the harmonic amplitude drops with the increment of the strength of the mortar specimen.
Concrete experimental results
Thirty-four concrete cylinder specimens with the dimensions of 6 inches in diameter and 12 inches in height are manufactured for compressive strengths in accordance with the ASTM C39/39M-2003 specification. Among these cylinder specimens, three concrete cylinders were made with the embedded piezoelectric actuators and sensors for early-age strength monitoring purposes. The concrete specimens are tested by a universal compression testing machine to obtain the compressive strength value, as shown in figure 7 . The load gradually increases until the concrete cylinder crushes and fails. In each compressive test, three concrete cylinders are crushed on the same day to get an average value for the compressive strength for that day. The variation of concrete compressive strength versus age is shown in figure 8 . The small circles in figure 6 represent the experimental compressive strength data obtained on each day in the first week, the 14th day, and the 28th day. It can be seen that the compressive strength increases at a fast rate for the first seven days. After the seventh day, the strength develops at a decreasing speed. The compressive strength on the 28th day is called the characteristic strength of the concrete and is usually used for the design of the concrete structure. From the capacitance value shown in figure 9 , the capacitance of the sensor in specimen II has dropped greatly after the seventh day, while the capacitances of the sensors of specimen I and specimen III remained at the same level after the seventh day. From the amplitude of specimens I, II, and III shown in figures 10 and 11, the amplitude of specimens I, II, and III follows the same development curve for the first seven days. After the seventh day, the signal in specimens I and III follows the same decreasing rate while specimen II has a certain fluctuation around a constant level. The capacitance of the sensor of specimen II was below one-quarter of its original capacitance value after the seventh day. It is possible that during the hydration process the piezoelectric sensor of specimen II had certain degrees of cracking, which resulted in the decrease of capacitance value. To better describe the amplitude development trend during early ages, specimen I and specimen III are taken for the average value of the harmonic amplitude. In this research, different high frequency harmonic excitation signals with frequencies of 60, 70, 80, 90, 100, and 150 kHz are utilized for the excitation source for the embedded piezoelectric actuators for comparison purposes. The harmonic response amplitude of different frequency harmonic excitation is shown in figure 12 . From the experimental results, the harmonic amplitude curves for different frequency excitations follow a similar trend. The harmonic amplitude curves decrease fast for the first few days and decrease at reducing speed after the first week.
This means different high frequency harmonic responses are influenced by the early-age development of concrete strength in a similar way. Although the harmonic excitation frequency is different, the trend curve of harmonic response amplitude is similar. The difference is that the higher frequency harmonic signal is easier to attenuate and has a lower amplitude, as compared with the lower frequency harmonic signal. For the first few days, the concrete strength develops at a much higher rate, and the harmonic response amplitude at different frequencies drops at a great rate. After the first week, the concrete strength development rate decreases, and it can be seen that the harmonic response amplitude at different frequencies drops at a decreasing rate. After the 28th day, the concrete strength becomes stable and the harmonic response amplitude becomes flat. Figure 13 shows the harmonic amplitude of different harmonic excitations after the first week. It can be seen that the slope of decreasing rate of the high frequency signal is less than the lower frequency harmonic signal. From the viewpoint of sensitivity of the decreasing slope, a relative low frequency harmonic signal is better for early age monitoring of concrete performance. The decreasing rate of the 60 kHz harmonic response is greater than the decreasing rate of harmonic response of 70, 80 kHz and other higher harmonic frequencies. In this paper, 60 kHz harmonic excitation amplitude is used as training data to train the proposed fuzzy correlation system.
Prediction of concrete strength using the trained fuzzy correlation system
After being trained by the first 14 days of amplitude-strength mapping data, the estimation of the centers of the output membership functions is given asθ 5596.3 2936.8 2014.8 1626.6 ] . The output membership function is shown in figure 15 . From the desired input-output data mapping and the fuzzy correlation input-output data mapping shown in figure 16 , the fuzzy correlation matches the experimental mapping data between harmonic amplitude and concrete strength for 14 first days. This means the fuzzy correlation system can behave in a similar way as the training mapping data does. To verify the effectiveness of the trained fuzzy correlation system, the harmonic amplitude data from the 14th day to the 28th day are used as input data for the trained fuzzy correlation system to generate the estimated value for the compressive strength of concrete from 14 to 28 days. The harmonic amplitudeconcrete strength mapping data from the 14th day to the 28th day are not included in the training set, therefore it is valid to use them to verify the effectiveness of the trained fuzzy correlation system. From the comparison of the estimation curve and the experimental curve, as shown in figure 17 , it can be seen that the estimated compressive strength curve from the 14th day to the 28th day matches the experimental compressive strength data. From the output of the fuzzy correlation system, the estimated 28th day compressive strength is 5560.3 psi, which matches the experimental compressive strength, 5483 psi, and other estimated strength values also match the experimental strength data. The proposed fuzzy correlation approach has the potential to be applied to the earlyage monitoring of the performance of concrete structures.
Conclusions
In this paper, an innovative piezoelectric-based approach is proposed to conduct early-age strength monitoring of concrete structures. The piezoelectric transducers in the form of 'smart aggregates' are embedded into concrete structures as actuators and sensors during casting for strength monitoring purposes. The harmonic amplitude decreases when the compressive strength of concrete structures develops in the early age. A fuzzy correlation system is trained to correlate the harmonic amplitude with concrete strength based on the experimental data by using the batch least algorithm. The trained fuzzy system is used to predict compressive strength for concrete structures at early ages. The proposed piezoelectric-based monitoring method has the potential to be applied to monitor the performance of concrete during the early ages. In order to practically apply this method to the health monitoring of different civil concrete structures, more research work will be conducted in future to study the effects of different concrete mixture proportions and sizes of the aggregates under different curing conditions at different ages.
